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Probing m—n* photoisomerization mechanism of cis-azobenzene by

multi-state ab initio on-the-fly trajectory dynamics simulation”

Le Yu™®, Chao Xu™® and Chaoyuan Zhu®",
Based on a newly developed algorithm to compute global nonadiabatic switching probability
only using electronic adiabatic potential energy surfaces and its gradients, we could be able to
perform on-the-fly trajectory surface hopping simulation at the SSA-CASSCF(6,6)/6-31G
quantum level to probe nn* photoisomerization mechanism of the azobenzene within four
singlet low-lying electronic states (So, S;, Sz, and S3) coupled with complicated conical
intersection network. We found that four conical intersections between the S; and S, states
(one is near cis-isomer region, another near trans-isomer region, and two others in between cis
and trans) play the most important role for understanding photoisomerization mechanism of
azobenzene upon S, and S; t* excitation. We classified six cases to demonstrate detailed
photoisomerization mechanism by choosing 8 (6) typical reactive (nonreactive) trajectories,
namely two-step fast-fast processes having the lifetime from several tenths to hundred
femtoseconds and two-step fast-slow and slow-slow processes having lifetime from the several

hundreds to thousand femtoseconds. We found for the first time from simulation that once
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trajectory visits the conical intersection near trans-isomer after nn* excitation, it could rapidly
go through inversion pathway to trans-azobenzene and this confirms the most recent
experimental observation. We performed 536 sampling trajectories (336 from S; and 200 from
Ss3) initially starting from Franck-Condon region of cis-azobenzene, we obtained total reactive
quantum yield 0.3~0.45 in very good agreement with the recent experiment results 0.24~0.50.
Moreover, the present method can estimate overall nonadiabatic transition probability for each
sampling trajectory from the beginning to the end. This can greatly speed up convergence of
nonadiabatic molecular dynamic simulation and for instance it results in quantum yield 0.53

estimated just from 8 typical reactive trajectories.
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1. Introduction

The photo-response properties from the trans-to-cis and cis-to-trans isomerizations of azo-
group within azobenzene and its derivatives have attracted great attention in molecular
photoswitches' with a variety of applications in high-density information storage devices,””
light-driven molecular motors,*” and protein probes.®” The photoisomerization mechanism
of azobenzene has been roughly classified as four types, namely rotation (torsion of CNNC
moiety), inversion (simultaneous inversion motion of both NNC angles), inversion-assisted
rotation (pedal-like concerted motion of phenyl rings and nitrogen atoms) and concerted
inversion (via linear transition state with both NNC angles increase to 180°
simultaneously). The abundant experimental and theoretical investigations reported in the
literature enhance our understanding about azobenzene photoisomerization, such as
rotation dominated processes, several low-lying singlet-excited states involved conical
intersection network, and UV-VIS irradiation wavelength dependence of quantum yield.
There is excellent review article® which presents achievements and remaining challenges in
the subject of azobenzene photoisomerization. On the other hand, theoretical investigations
mainly focus on photoisomerization dynamics between electronic ground (Sy) and the first-
excited (S;) states. Lack of molecular dynamical simulation involving in higher excited
states makes detailed mechanisms of photoisomerization observed in experiments not
satisfactorily explained in theory.

There are a quite few trajectory-based nonadiabatic molecular simulations’'* taking
into account conical intersection (CI) in the middle of the rotation pathway between S; and
S, states and it corresponds on the n—7 excitation. With increasing of both NNC angles

via inversion motion, another planar S;/Sy CI appears in the inversion pathway near trans-
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azobenzene in high energy region.” Photoisomerization in inversion pathway is not shown
up in simulations since the inversion CI is not energetically accessible upon n—7
excitation. Therefore, the rotation dominated photoisomerization mechanism on S; state is
well accepted in theory.

The photoisomerization process upon —7 excitation is more complicated than the
n—m excitation case since it is involved contribution from higher electronic excited states.
With advances of transient absorption spectroscopic technique, the azobenzene 7z band
photoisomerization has been becoming a hot topic of subject in experiment. Lednev ef al.
have performed transient studies on trans-azobenzene and proposed a triple-step decay
mechanism in sequential of rotational population in S, state, internal conversion of S,—S;,
and formation of “bottleneck” intermediate component in S, and conversion of S;—S, and
re-form in the ground state. This model has been confirmed by the other transient

17-23

experiments with more precisely time constant, and similar sequential conversion

mechanism for cis-azobenzene after =—7 excitation has been proposed by Satzger et
al.*'** with much fast time constants. According to the experiment observations, the
isomerization process occurs mostly in S; state after the fast decay from S, via rotation
pathway, and then conversion to Sy state via inversion pathway. Fujino et al.'*** have
proposed an additional S;—S; fast decay pathway in planar structure for trans-azobenzene
with unity quantum yields and this mechanism has been confirmed by Schultz et al.> But
for the either S; or S4 state in nn_ excitation band, they have suggested a different
uncharacterized relaxation pathway to explain a reduced quantum yield. In the most recent

experiment done by Quick et al.,** the planar structure S,—S, relaxation ratio of trans-

azobenzene has been corrected to be 50%, and the rest S,, population is classified to convert
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to S state followed by a cascade S,—S;—S relaxation with solely trans product. In this
way, quantum yields drop from 0.2 to 0.1 compared with result from nzt" excitation.
Moreover, for cis-azobenzene upon i excitation, they proposed that about 30% of the
excited species experience fast S;/S; decay and isomerize to trans form in S; on a 0.1 ps
time scale.

Based on experimental results mentioned above, it is quite demanding on trajectory-
based nonadiabatic molecular dynamics simulation that should be able to provide detailed
mechanisms of photoisomerization involving in highly excited states. Actually, in the

l.,23 the direct

hybrid theoretical and experimental investigation performed by Schultz ef a
ab initio molecular dynamics with complete active space self-consistent field (CASSCF)
method has been utilized to demonstrate the initial stage dynamics of trans-azobenzene
after nn excitation. There is no evidence for the fast decay S,—S; (<50 fs) in planar
geometry involved with torsion or inversion pathway, while in S, state the fast internal
conversion(~50 fs) to Sy state is found to follow inversion pathway. Sauer et al.”> and Dou
and coworkers,”**” have performed semiclassical electron-radiation-ion dynamics (SERID)
simulations with time-dependent density functional methods, and found unusual results

in which the torsion mechanism dominates the isomerization processes for both cis- and
trans-azobenzene followed by n—n excitation. Persico and coworkers'***?* have carried
out a massively trajectory surface hopping simulations based on the semiempirical floating
occupation molecular orbital configuration interaction (FOMO-CI) methods with or
without OPLS force fields for cis- and trans-azobenzene photoisomerization followed by

both nn and 7w’ excitation, and they found that both the trans—-cis and cis—trans

photoreactions are induced by the torsion pathway of the N=N bond combined with
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torsion of the N—C bonds.

There still exist contradictions between experimental and theoretical analysis about
mechanism of azobenzene photoisomerization for the specific process followed by e
excitation. The theoretical difficulty in conventional trajectory-based surface hopping
methods arises from ab initio calculation of nonadiabatic coupling vector involved in
multiple coupled-electronic-excited states, and this calculation is very time-consuming that
prevents feasible trajectory propagation in numerical simulation. Fortunately, we have
newly developed the method to compute nonadiabatic switching probability without
calculating nonadiabatic coupling vector.” In the present trajectory-based surface hopping
method, we need only compute energies of two adjacent adiabatic potential energy surfaces
and its gradients among multiple coupled-electronic-excited states. Basically, computation
cost for two or more than two electronic states is the almost same. The present method
provides a powerful tool to simulate the photoisomerization step by step upon e
excitation and can explain the recent experimental observation. The azobenzene
photoisomerization undergoes very complicated isomerization pathways through
complicated conical intersection network, besides cis-to-trans and trans-to-cis are quite
different. We would take into account cis-to-trans in the present report and put trans-to-cis
in the other publication. The present trajectory-based surface hopping method can probe
mechanism of azobenzene photoisomerization in great details and provide clear picture
about how trajectory travels from beginning, approaching which conical intersection in
intermediate process, and reaching to end among four coupled low-lying electronic states
(So, S1, Sz, and S3).

In section 2, we first give a brief description of the present trajectory-based surface



Page 7 of 44

Physical Chemistry Chemical Physics

hopping method and how ab initio quantum chemistry method CASSCF is incorporated
into the present nonadiabatic molecular dynamic simulation on on-the-fly potential energy
surfaces. In section 3, we show a detailed understanding of the cis-azobenzene
photoisomerization and discuss mainly on S, and S; excited states upon the nn excitation
from six distinct isomerization schemes. The results obtained here provide a good

explanation for the different isomerization mechanisms observed in the recent experiment.

2. Theoretical methods and computation details

We calculate on-the-fly trajectory on the potential energy surfaces based on ab initio CASSCF
method by numerically integrating the Newtonian equation of motion with the velocity-Verlet
method.*® Along trajectory propagation, we detect avoided crossing point by computing
minimum separation between two adjacent adiabatic potential energy surfaces within three
consecutive time steps (this usually is in conical intersection zone). At this avoided crossing,

we compute global nonadiabatic switching probability according to the improved Landau-

31,32

Zener formula by Zhu and Nakamura,

(1)

in which two unitless parameters, namely effective coupling and effective collision energy, are

given by
az :ﬁ V|F2F1||F2 _Fl| (2)
2 (21,)
and
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in which F; and F; are forces on two diabatic potential energy surfaces, V', is diabatic coupling,

b :(Et _EX)

u is reduced mass of diatomic molecule, Ex is energy at crossing point and E\ is potential
energy plus kinetic energy component in direction of hopping vector (note + (-) in eqn (1)
stands for F1F, >0 (F1F,<0)). Diabatic coupling Vi, in eqn (2) is directly computed by energy
separation between two adiabatic potential energy surfaces at avoided crossing. At this avoided
crossing, we convert mass-scaled multidimensional forces into mass-scaled one-dimensional

forces given in eqn (2) and eqn (3),’

|F\/_F| \/z z(an an) ’ &)

zlmlaxyz

and

KR J
\/|\/; | :\/‘z zeana (5)

zlm,axyz

where N is number of nuclei in molecule with the mass m; (i=1,2,...,N), a stands for x, y, and z

component of Cartesian coordinates for the i-th nucleus, and multidimensional diabatic
forces F'“ and F,“ are generalized from adiabatic forces within three consecutive time steps

around detected avoided crossing along trajectory. Detailed description along with definition of
hopping direction and momentum change at an attempted trajectory hopping position is given
in the Ref.9. We have defined the present nonadiabatic switching probability as global
switching in contrast to Tully’s fewest nonadiabatic switching probability as local switching.
We have developed our own code to perform the present on-the-fly nonadiabatic molecular

dynamics simulation on the azobenzene photoisomerization.

Page 8 of 44
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Along an on-the-fly running trajectory, we first determine the minimum potential energy
gap regarded as an avoided crossing at which we compute the effective coupling parameter o
and the effective collision energy b in eqn (2) and eqn (3). If ais large (say at a*>>1000,
switching probability is unit), it means that trajectory switches in diabatic limit in the
configuration space very close to geometry of conical intersection, while a* is small (say at a*
<0.001, switching probability is zero), it means that trajectory switches in adiabatic limit in the
configuration space very far from geometry of conical intersection. We do preliminary on-the-
fly nonadiabatic trajectory simulation to find out relation between the minimum energy
separation AE and effective coupling parameter a”, and then we can set up energy gap limit
beyond which adiabatic switching probability is zero. For the present azobenzene molecule, we
set up energy gap |AE| = 0.3eV, and thus any sampling trajectory stays on the current adiabatic
potential energy surface if energy gap |AE| between two adjacent adiabatic potential energy
surfaces is larger than 0.3eV along the trajectory. Roughly, we can say that 100 > a” >0.01 is
meaningful region contributing nonadiabatic dynamics significantly. In the meanwhile, if 4” is
large (say 100), it means that trajectory has an effective kinetic energy (component of
momentum vector projecting on the hopping direction) much larger than potential energy at
avoided crossing, while 5” is small (say 0.1), it means that trajectory has an effective kinetic
energy almost equal to potential energy at avoided crossing. Value of ¢** is an absolute
number to determine nonadiabatic switching probability in eqn (1).

In our previous work,” we have employed trajectory-based on-the-fly surface hopping
method to study azobenzene photoisomerization (both cis-to-trans and trans-to-cis) based on
only ground and first excited states incorporating with two-state averaged CASSCF method

(2SA-CASSCEF). Based on consideration of both the accuracy and efficiency for 2SA-CASSCF
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method, we have selected six active electrons and six active orbitals, namely CASSCEF(6, 6),
for performing electronic structure calculation. In our previous paper,’ the both 6-31G and
including polarization function 6-31G* basis sets were carefully compared for vertical
excitation energies at cis- and trans-isomers, and there is not much difference for these two
basis sets. However, the computational time is doubled by using 6-31G* and thus we finally
selected 6-31G. In the present work, we extend dynamic simulation to four singlet low-lying
electronic states including the i excitation, so that five-state average is necessary to be
chosen in CASSCF method. Finally, the SSA-CASSCF(6,6)/6-31G is utilized throughout the
present paper for geometry optimization as well as on-the-fly potential energy surfaces with
use of computational program of Molpro 2009.1 package.™ Besides, as MRCI method is well
implemented in Molpro program, we perform MRCI energy corrections at selected CASSCF
geometries to check how accurate is for the present CASSCF quantum level.

The initial condition of trajectories is started from Franck-Condon region of cis-azobenzene,
and initial coordinates and velocities are set up by the following procedure. Firstly, we perform
frequency calculation at equilibrium geometry of Sy state in cis-azobenzene to obtain the
normal mode coordinates. Secondly, initial normal-mode coordinates and velocities of
trajectory are selected according to Wigner™* distribution around Sy state. Finally, these initial
normal-mode coordinates and velocities are converted into Cartesian coordinates and velocities,
at which the vertical excitation energy to selected excited state (S, or S3 for the o excitation)
is computed. The thermal kinetic energy with T=300K is added to all sampling trajectories
with randomly distributing into initial Wigner velocities. Following the previous investigation
in S; states, the 0.5 fs time-step size is selected in the entire simulation of trajectory from

beginning to end and its validity was carefully checked.’ For trajectories starting from both S,

10



Page 11 of 44

Physical Chemistry Chemical Physics

and Ss states of cis-azobenzene, the time limit is set up as 1000 fs (if the trajectory stay in S;
states until then, an additional 500 fs will be extended). The trajectories initiated from S, and
S; states are accounted as resonance if they are still in the S; state beyond 600fs and in the S3

state beyond 750fs without experiencing any attempted hopping event.

3. Results and Discussion

Within ab initio quantum chemistry method at SSA-CASSCF(6,6)/6-31G, we first optimized
geometries of all local minima, transition states, and conical intersections on all four low-lying
electronic states (So, Si, S,, and S;3). Atom numbering is given in Fig. 1. The most important
geometry parameters related with isomerization are summarized in Table 1; NN and two CN
bond lengths, two NNC bond angles (NNC; and NNC;4), CNNC and two NNCC dihedral
angles (C19C14N3N; and N13N;C,C7). Potential energy profiles related to all the optimized
geometries are plotted in Fig. 2. On the potential energy surface of the ground-state (Sy) from
trans-azobenzene (trans Sy, CNNC=180°and E=0.0eV) to cis-azobenzene (cis Sp, CNNC=9.5°
and E=0.83eV), we found three transition states; planar inversion (TS-planar-inv Sy,
CNNC=0.0° and E=2.28¢V), the rotation (TS-rot Sy, CNNC=81.2° and E=2.22¢V) and the
inversion-assisted rotation (TS-inv-rot Sy, CNNC=49.3° and E=2.05¢V). On the potential
energy surface of the first excited state (S;), we found two transition states; TS-planar-inv S;
(CNNC=0.0° and E=3.14eV) and TS-rot S; (CNNC=122.9° and E=2.96eV). On the potential
energy surface of the second excited state (S,), we found two transition states; TS-rot-a S,
(CNNC=97.6° and E=4.40¢V) and TS-rot-b S, (CNNC=159.3° and E=4.96¢eV), besides there
is local minimum rot S, (CNNC=95.7° and E=3.94eV) in which trajectories can be trapped in
the dynamical simulation. On the potential energy surface of the third excited state (Ss), we

found no transition state, but there is local minimum rot S; (CNNC=95.1° and E=4.98¢eV) in

11

11



Physical Chemistry Chemical Physics Page 12 of 44

12

which trajectories can be trapped too. The calculated vertical excitation energies are in

3337 the calculated ones to the S and S, states at cis-

reasonable agreement with experiment;
isomer (trans-isomer) are 2.92eV and 5.25¢V (3.08eV and 5.80eV) in comparison with
experimental results 2.92eV and 4.40eV (2.82¢V and 4.12eV). The present calculation with
SSA-CASSCEF(6,6)/6-31G method agrees with the previous calculation with 2SA-CASSCF
method for the S and S state.” Although the transition states roughly present the adiabatic
isomerization pathways on their adiabatic potential energy surfaces, the conical intersections
are the key to understand nonadiabatic isomerization pathways. We found two conical
intersections between the Sy and S; states; the rotation-type (CI-rot So/S;, CNNC=97.4° and
E=2.78eV) and inversion-type (CI-inv S¢/S;, CNNC=180° and E=3.31eV). We found four
conical intersections between the S; and S, states; Cl-rot-a S1/S; (CNNC=61.1° and
E=4.67¢V), Cl-rot-b S;/S; (CNNC=132° and E=4.73eV), cis-isomer-like (CI-cis S;/S,,
CNNC=27.7° and E=5.22¢V) and trans-isomer-like (CI-trans S,/S,;, CNNC=180° and
E=4.89¢V). These four conical intersections actually play key role to govern isomerization
mechanism after t—n excitation. We found one conical intersection between the S, and S5
states; CI-rot S,/S; (CNNC=93.1° and E=4.56¢eV), and this is optimized one. However, there
are wide regions in which S, and S; states are very close together in energy and we found in
dynamical simulation that trajectories hopping can take place in the wide region of
configuration space between S, and S; states. These conical intersections coupled with all
transition states and local minima exhibit complicated intermediate photoisomerization
processes and eventually affect quantum yields, lifetimes and resonance intermediates for
azobenzene photoisomerization. The Cartesian coordinates for all optimized structures
(including conical intersections) are given in the Supporting Information (Section S4).

We selected the optimized geometries of cis Sy and trans Sy, two minima rot S, and rot Ss,

and all seven conical intersections from Table 1 to perform MRCI correction for vertical

12
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excitation/de-excitation energies in comparison with the corresponding energies calculated
from 5SSA-CASSCF(6,6)/6-31G. As shown in Table 2, the vertical excitation/de-excitation
energies calculated from both methods are in the same ordering for five singlet low-lying
electronic states. At seven conical intersections, the corresponding energy differences between
MRCI and CASSCEF calculations are well kept within about 0.3eV except for Cl-rot-a S;/S,,
and this means it would have not so much geometries difference if we could optimize these
seven conical intersections by MRCI method. Therefore, we expect that the present SSA-
CASSCEF(6,6)/6-31G quantum level can be fairly accurate method to perform on-the-fly
nonadiabatic trajectory simulation, especially for quite averaged observables such as quantum

yields and lifetimes.

3.1 Topology of conical intersections among four low-lying excited states

Topology of seam surface for each conical intersection can be very different from one to
another, and this affects photoisomerization mechanism upon the nn’ excitation. We scan
two-dimensional potential energy surfaces to demonstrate characters of each conical
intersection zone. As azobenzene has been well studied theoretically, it is well-known that
the photoisomerization proceeds via torsion of central CNNC moiety and planar inversion
of NNC angles either independently or simultaneously, or via hybridizations of torsion and
inversion motions. We need explore topology of conical intersections in terms of the
torsion and inversion coordinates before performing large scale on-the-fly nonadiabatic
trajectory simulation. For rotation-type isomerization pathway, two dihedral angles CNNC
and NNCC are most important variables. For inversion-type isomerization pathway, two

bond angles NNC1 and NCC2 are most important variables. We discuss two isomerization

13



Physical Chemistry Chemical Physics Page 14 of 44

14

pathways separately in the following by plotting contour map of potential-energy
difference between two adjacent potential energy surfaces. All corresponding three-
dimensional potential energy surfaces are plotted in Fig. S1 of Supplementary Information.

For the rotation pathway, we first construct one-dimensional coordinate by linear
interpolation of internal coordinates (LIIC)*® between cis Sy and the rotation-type CI, and
then between the rotation-type CI and trans Sy. This one dimension is plotted as horizontal
axis in Fig. 3a, Fig. 3c and Fig. 3e, and then the other dimension as vertical axis is
constructed by rotating two NNCC dihedral angles (C;9C4N13N; and N3N, C,Cy)
simultaneously in opposite direction from +90° to -90°. Finally, we have contour maps of
potential-energy difference as function of the CNNC and NNCC dihedral angles. Fig. 3a
shows a regular cone for Cl-rot S¢/S;; the potential energy gap between the Sy and S; states
is far apart quickly in CNNC rotation direction and this means trajectories hopping happen
in local rotation region, while it varies slowly in NNCC rotation direction with maximum
separation about 0.5eV. Fig. 3¢ shows localized pattern for both Cl-rot-a S;/S, and CI-rot-b
S1/S,; these two are connected in CNNC rotation direction and this means trajectories
hopping happen in wide rotation region, while in NNCC rotation direction the potential
energy gap between the S; and S, states is far apart quickly. Cl-rot-a S,/S; and Cl-cis S,/S;
are interacted each other so that it makes a complicated irregular pattern of conical
intersection as shown in cis-isomer zone of Fig. 3c. Fig. 3e shows a regular cone for Cl-rot
S,/Ss, but there is rotation path in which the potential energy gap between the S, and S
states is small all the way from cis-isomer zone to trans-isomer zone. This means that photo
excitation to S; state can undergo a rapid de-excitation to S, state anywhere

nonadiabatically, and this is confirmed from the present trajectory surface hopping

14
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simulation.

For the inversion pathway, we chose initial internal coordinates at a fixed structure near
each inversion conical intersection from where all internal coordinates are fixed except for
NNC1 and NNC2 being independently scanned from +90° to 180° as shown in Fig. 3b,

Fig. 3d and Fig. 3f. Finally, we have contour maps of potential-energy difference as
function of the NNC1 and NNC2 bond angles. Fig. 3b shows the contour map around CI-
inv S¢/S; with initial structure fixed at trans Sy, and it shows a regular localized cone in
trans-isomer zone. Fig. 3d shows contour map around Cl-trans S;/S, with initial structure
fixed at around Cl-trans S|/S;, and it shows a regular localized cone as well. There is no
optimized inversion conical intersection between the S, and Sj states, but we make the
contour map with initial structure fixed at trans Sy; Fig. 3f shows wide degenerate region
between these two states and this means that photo excitation to S; state can undergo a
rapid de-excitation to S, state anywhere nonadiabatically.

Based on the discussion mentioned above, we could present an intuitive point of view
about global photoisomerization pathways. All isomerization mechanisms are initially
generated by the CNNC and NNCC torsion motions after photo excited up to mr’ band states
for cis-azobenzene. Upon photo excitation to S state from Franck-Condon region, the cis-
azobenzene undergoes fast de-excitation to S, state within the first few femtoseconds. Either
photo excitation to S, state directly or indirectly from Sj state is the almost same, the cis-
azobenzene from Franck-Condon region first visits the CI-cis S1/S; conical intersection zone at
CNNC angle in the region of [25°-45°]. If this attempted hopping fails, it goes another Cl-rot-a
S1/S; conical intersection zone at CNNC angle in the region of [55°-80°]. If this attempted
hopping fails again, it can traps in potential well at rot S; local minimum (CNNC=95.7°) in the

S, state as intermediate resonance. Then, three different isomerization pathways follow; swing

15
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back to Cl-rot-a S|/S,, swing forward to Cl-rot-b S,/S,, or staying in the well as long lifetime
resonance. As the result from these three competing processes, the system stays in S, state
much longer than in S; state, besides both slow and fast de-excitation from S, to S; state can
happen easily. Once successful hopping to S; state is achieved, there are two isomerization
pathways to Sy state through CI-rot So/S; (in the previous study photo excitation to S; state, this
is only pathway simulated) or Cl-inv S¢/S; (in the present simulation, it takes place but still
rare case). More detailed photo isomerization mechanisms can be obtained from the following
on-the-fly trajectory surface hopping simulation involving in these conical intersection
networks.

We have run 336 trajectories starting from vertical excitation to Franck-Condon region on
S, state; 97 reactive (131 nonreactive) ones end up to trans (cis) Sy with 108 resonance
trajectories terminating in S; rot potential well. We have run 200 trajectories starting from
vertical excitation to Franck-Condon region on S; state; 64 reactive (87 nonreactive) ones end
up to trans (cis) Sp with 49 resonance trajectories terminating in S, rot potential well. Based on
total 536 sampling trajectories, we classify the six typical isomerization schemes
corresponding to related typical trajectories (both reactive and nonreactive). We discuss
isomerization mechanisms separately for cis-azobenzene starting from S, and S; states in the
following.

Before leaving this subsection, we would like to mention about how to search conical
intersections. For the present well-studied azobenzene molecule, we know a few dihedral
angles governing torsion and inversion motions are responsible for conical intersections, and
thus we plot contour map in terms of these dihedral angles for energy difference between
involved two states. Then, we can locate configuration geometry very close to conical
intersection from which we do optimization with well implemented method in Moplro program

for instance. Actually, Cl-cis S1/S2 and Cl-trans S1/S2 are found from this procedure. For the

16
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general case, we can do preliminary on-the-fly trajectory simulation with the lower level ab
initio method, and then we calculate energy difference between involved two states along the
sampling trajectories and locate configuration geometry very close to conical intersection.

Actually, CI-rot-a S1/S2 and Cl-rot-b S1/S2 are found from this way.

3.2 Photoisomerization mechanisms starting from S, state
Photoisomerization mechanism of cis-1 case. The cis-1 case is defined by reactive

(nonreactive) trajectories starting from Franck-Condon region experiencing the following
consecutive processes; cis So-S;VEE (VEE means vertical excitation energy E=6.08eV as
shown in Fig. 2) —Cl-cis S/S,—Cl-rot S¢/S;— trans (cis) Sy as shown in Scheme(a). The
first step is fast internal conversion around~10 fs upon to Cl-cis S;/S; and the second step
is about 10fs to 100fs upon to Cl-rot S¢/S;. Once trajectories are in S; state, the rest of
processes continue with CNNC and NNCC torsion motion same as those observed in the
previous work.” This cis-1 case is in lifetime about 200 femtoseconds. Fig. 4 shows a
typical reactive (nonreactive) trajectory that takes 10.5 (9.0) fs to Cl-cis S;/S, and 50.5
(70.0) fs to CI-rot So/S; with overall nonadiabatic switching probability 0.71 (0.71) from
cis So-S, VEE to Cl-rot S¢/S;. The motions of two NNC bond angles plus one CNNC and
four NNCC dihedral angles are vibration with small amplitude as shown in Fig. 4. We
conclude that cis-1 case is two-step fast-fast photoisomerization process.

Photoisomerization mechanism of cis-2 case. The cis-2 case is defined by reactive
(nonreactive) trajectory following consecutive processes; cis S-S, VEE—ClI-rot-a
S1/S,—Cl-rot So/S1— trans (cis) Sy as shown in Scheme(b). The cis-2 case is similar to cis-
1 case except the first step is internal conversion around~25 fs upon to Cl-rot-a S;/S,. This

cis-2 case is also in lifetime about 200 femtoseconds. Fig. 5 shows a typical reactive

17



Physical Chemistry Chemical Physics Page 18 of 44

18

(nonreactive) trajectory that takes 23.5 (21.5) fs to Cl-rot-a S;/S, and 52.5 (84.0) fs to CI-
rot So/S; with overall nonadiabatic switching probability 0.80 (0.92) from cis S-S, VEE to
Cl-rot S¢/S;.Dihedral angles CNNC and synchronous NNCC motions dominate the
isomerization process, while the NNC motions oscillate nonsymmetrically in region of
[110°-140°]. We conclude that cis-2 case is also two-step fast-fast photoisomerization
process.

Photoisomerization mechanism of cis-3 case. The cis-3 case is defined by reactive
(nonreactive) trajectory following consecutive processes; cis S-S, VEE—rot S;— Cl-rot-a
S1/S; —ClI-rot So/S|— trans (cis) Sy as shown in Scheme(c). In this case, trajectories failed
in hopping at Cl-cis S|/S; and Cl-rot-a S;/S; can be trapped in the local potential well rot S,
for about 100fs to 900fs, and then swing back to CI-rot-a S;/S;. Obviously, the trajectory
trapping into potential well affects lifetime and it is usually several times longer than cis-1
and cis-2 cases. Fig. 6 shows that a typical reactive (nonreactive) trajectory traps in the well
until 569fs (122fs) before hopping via Cl-rot-a S;/S,, and then 608.5 (151.5) fs to Cl-rot
So/S; with overall nonadiabatic switching probability 0.66 (0.34) from cis Sy-S,VEE to CI-
rot S¢/S;. Dihedral angle CNNC firstly oscillates around 90° for about 100fs, then increase
to around ~120° and decrease to ~60°. Moreover, the NNCC angles which reflect the
torsion of benzene ring oscillate around 0° and 180° and this torsion motion is needed for
trajectory visiting both Cl-rot-a S;/S, and Cl-rot-b S,/S,. We conclude that cis-3 case is
two-step slow-fast photoisomerization process.

Photoisomerization mechanism of cis-4 case. The cis-4 case is defined by reactive
(nonreactive) trajectory following consecutive processes; cis S-S, VEE—rot S;— Cl-rot-b

S1/S; —ClI-rot Sy/S|— trans (cis) Sy as shown in Scheme(d). The cis-4 case is very similar
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to cis-3 and it does trap in potential well rot S, for long lifetime. In this case, trajectories
visit Cl-rot-b S;/S; that is close to trans-isomer (trans S;) region, so that the prolonged
lifetime on trans S; state is also observed as the trajectories go the other end of rotation
path and then back to the CI-rot S¢/S; region. This simulated mechanism is actually
observed in the recent transient experiment of Quick et. al.,** and they proposed that the
cis-azobenzene could isomerize to trans via an S,/S; conical intersection, and resulting in a
mixed cis/trans S; population. That is why both reactive and nonreactive trajectories can
have long lifetime as shown in Fig. 7, and this is especially shown for the nonreactive
trajectory that the CNNC angle increases to 180° before hopping to S;. Fig. 7 shows that a
typical reactive (nonreactive) trajectory traps in the well until 311.5fs (414.5fs) before
hopping via Cl-rot-b S1/S,, and then 1565.5 (531.0) fs to Cl-rot S¢/S; with overall
nonadiabatic switching probability 0.25 (0.67) from cis S-S, VEE to Cl-rot S¢/S;. We
conclude that cis-3 case is two-step slow-slow photoisomerization process.

Upward trajectory hopping from S, to S; state: Along both rotation and inversion
isomerization pathways (see Fig. 3e and Fig. 3f), there exists wide region in which
potential energy gap between S; and Ss states is very small all the way from cis-isomer to
trans-isomer region. Trajectories initially starting from Franck-Condon region of S, state
can have chance to experience upward hopping to S; state and then back to S, state.
Actually no matter how trajectories follow S,—S;—S; isomerization pathway, once they
are back to S, state, the following S;—S;—S, processes show the same isomerization
mechanism as mentioned above.

However, we observe if trajectories hop back to S, state along rotation pathway, they
finish within about 5fs via Cl-cis region or about 20fs via Cl-rot S,/S;region, and the

following S,—S;—S, processes could follow four cases (cis-1, cis-2, cis-3, and cis-4)
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mentioned above. If trajectories hop back to S, state along inversion pathway, they stay on S;
state in much longer time. A typical nonreactive trajectory shown in left panel of Fig. 8 hops
up to S; state at 0.5fs, back to S, state via Cl-rot S,/S; at 21.0fs, down to S; state via Cl-cis
S1/S; at 21.51s, and finally down to Sy state via Cl-rot S¢/S; at 53.0fs. This nonreactive
trajectory belongs to cis-1 case of photoisomerization. A typical reactive trajectory shown in
right panel of Fig. 8 hops up to Sj state at 62.5fs, back to S, state via Cl-rot S,/Ss at 81.0fs,
down to S; state via Cl-rot-a S;/S, at 83.0fs, and finally down to Sy state via CI-rot Sy/S; at
121.5fs. This reactive trajectory belongs to cis-3 case of photoisomerization. However, this
typical nonreactive (reactive) trajectory propagates from cis So-S2VEE to Cl-rot S¢/S; with
overall nonadiabatic switching probability 0.13 (0.17).

In brief summary, the cis-1 and cis-2 cases compose two-step fast-fast photoisomerization
pathways in which system experiences transient S; state and then down to S; state with a little
bit slow process, and this depends on the numbers of swings around CI-rot S¢/S;. Finally,
trajectories reach Sy state from the lifetime several tenths to hundred femtoseconds. Simulated
lifetime from the cis-1 and cis-2 cases agree with the time constant of 0.1ps for S; and S;
processes observed by Satzger et. al. experimentally.*> On the other hand, the cis-3 case
composes two-step slow-fast photoisomerization pathways with trajectories trapping only in
rot S, potential well, while cis-4 case compose two-step slow-slow photoisomerization
pathways with trajectories trapping in both rot S, and trans S; potential wells. Finally,
trajectories reach Sy state from the lifetime several hundreds to thousand femtoseconds. The
cis-3 and cis-4 cases agree with the lifetime observed by Quick et. al.** in the recent transient
experiment as well. According the results from the present simulation, we conclude that the
rotation pathway governed by the CNNC and NNCC torsion motion dominates the cis-
azobenzene photoisomerization, while the inversion pathway governed by the NNC

symmetrical and nonsymmetrical motion can influence photoisomerization to some extent.
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This inversion pathway is actually similar to a weakly inversion assisted rotation. Based on the
semiempirical nonadiabatic molecular dynamics simulation including solvent and decoherence
effect, Persico and coworkers'>*** have proposed that for the n—n isomerization mechanism
the torsion motion of N=N bond plays most important role in both vacuum and solvent
environment. We here present more detailed intermediate isomerization processes on how
trajectories follow complicated conical intersection network. In the comparison to n—m
isomerization, the drop of quantum yields in =—7 case is mainly attributed to trajectories
trapping into the rot S, potential well and this is considered as the inertia effects of reactants."
Finally, we should mention that there are quite amount resonant trajectories in the present

simulation and one of them is given in Fig. S2 of Supporting Information.

3.3 Photoisomerization mechanisms starting from S; state
For the trajectories starting from Ss state, once they hop down to S, state and most of them
basically follow the four cases mentioned above like trajectories starting from S; state. These
trajectories do not present new photoisomerization mechanism and we just give some of
sampling trajectories corresponding to cis-1, cis-2, cis-3, and cis-4 in Fig. S3 to Fig. S6 of
Supporting Information. However, we do find the two new cases discussed in the following.
Photoisomerization mechanism of cis-5 case: The cis-5 case is defined by reactive
trajectory following consecutive processes; one is cis So-S; VEE (vertical excitation energy
E=6.22¢V as shown in Fig. 2)—-cis FC S, —rot S,— Cl-trans S;/S, and the other is cis Sy-
S;VEE— rot S;— Cl-rot-a S,/S; —rot S,—Cl-trans S,/S; as shown in Scheme(e). We do not
find that any trajectory starting from S, state visits CI-trans S,/S; region, so this is new case of
photoisomerization pathway. Vertical excitation energy on Ss state is 0.14eV higher than S,
state, and we believe this is key factor for trajectories to visit Cl-trans S;/S; region. Then, the

present cis-5 trajectories bifurcate into two pathways; one is hopping down to Sy state via CI-
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rot So/S; and the other via Cl-inv S¢/S;. The latter case is for the first time to prove from direct
simulation in which the cis-azobenzene photoisomerization upon n—m excitation can hop
down to the ground state via the inversion conical intersection. This is because that present
simulation at CSSCF quantum chemistry level can accurately describe global landscape of
excited-state potential energy surfaces coupled into conical intersection network. The
trajectories continue NNC inversion motion on S; state at a semi-planar trans form geometry
with both NNC angles larger than 145° followed by hopping down S state via Cl-inv Sy/S;
region, and then they can only go trans-isomer product. Surprisingly, the trajectories visits CI-
trans S|/S, followed rotation pathway to S state via Cl-rot S¢/S; also end up with trans-isomer
product. This means once trajectories visit Cl-trans S,/S, region, the certain memory effect of
trans form geometry makes trajectories in favor of trans-azobenzene product. Fig. 9 shows two
typical reactive trajectories; one (left panel in Fig. 9) follows Cl-inv S¢/S; region hopping at
CNNC =161° with lifetime 1080.5fs and overall nonadiabatic switching probability 0.59, and
the other (right panel in Fig. 9) follows CI-rot S¢/S; region hopping at CNNC = -107° with
lifetime 481fs and overall nonadiabatic switching probability 0.40. In both reactive
isomerisation cases, four NNCC dihedral angles vibrate with large amplitude of motion along
reactive pathways. We conclude that cis-5 case is three-step fast-slow-slow photoisomerization
process. The cis-5 shows that Cl-trans S,/S, provides a peculiar new isomerisation mechanism.

Photoisomerization mechanism of cis-6 case: The cis-6 case is defined by reactive
(nonreactive) trajectory following consecutive processes; cis So-S3VEE— rot S;— Cl-rot-a
S,/S; —rot S; —Cl-rot-a S1/S; (or Cl-rot-b Si/S;) —ClI-rot So/S;— trans (cis) Sy as shown in
Scheme(f). Trajectories trapping in rot S; potential well are usually in short time less than
100fs because of existing wide region of conical seam surface between the S, and Ss states.
The new point of this case is due to this short trapping in rot S; potential well and then

following step is very much like cis3 or cis-4 case. Consecutive trapping in rot S, potential
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well can be either short or relatively long time depending on NNC motion. Fig. 10 shows a
reactive (nonreactive) trajectory follows Cl-rot-a S;/S, (Cl-rot-b S,/S,) region hopping at
CNNC =51° (CNNC =121°) with lifetime 849fs (517fs) and overall nonadiabatic switching
probability 0.71(0.15). For the trajectories starting from S; state, we observe most of the trans
intermediate in favor of staying in S,-state potential well, and for the trajectories starting from
S, state, we observe most of the trans intermediate in favor of staying in S;-state potential well
that is in agreement with experimental measurement.”* Theoretically, this is consistent with
that trajectory with higher kinetic energy traps in the potential well with longer lifetime

because of dynamical spreading of resonance motion.

4. Concluding remarks

Based on our newly developed nonadiabatic molecular dynamics method to compute global
nonadiabatic switching probability by only using electronic adiabatic potential energy surfaces
and its gradients, we could be able to perform on-the-fly trajectory surface hopping algorithm
at the CASSCF ab initio quantum level to probe nn* photoisomerization mechanism of the
azobenzene within four singlet low-lying electronic states coupled with complicated conical
intersection network. The computational cost in the present method is the same for two states
or more than two states with use of on-the-fly trajectory surface hopping method. We have
performed 536 sampling trajectories (336 from S; and 200 from S3) starting from cis-
azobenzene, we can estimate total reactive quantum yield about 0.3~0.45 and here 0.45 comes
from if we count half of resonance trajectories finally approaching to product region at trans S,.
This is in very close agreement with recent experiment results 0.24~0.50.1°! Another advantage
with the present global switching algorithm is that we can estimate overall nonadiabatic

transition probability for each sampling trajectory from the beginning to the end. An immediate
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application is that from given 8 typical reactive trajectories mentioned above (from Fig. 4 to
Fig. 10), we obtain reactive quantum yield as (0.714+0.80+0.66+0.25+0.17+0.40+0.59+0.71)/8
= 0.53 which is not bad in comparison with the one estimated from 536 sampling trajectories.
This means that the present global switching algorithm can provide a computationally fast
converged method with much less number of sampling trajectories in the nonadiabatic
molecular dynamic simulation.

Photoisomerization mechanism of azobenzene upon S, and S; t* excitation is mostly
determined by four conical intersections between S; and S, states, namely one close to cis-
isomer Cl-cis S;/S; another close to trans-isomer Cl-trans S;/S; and two in the middle between
cis and trans Cl-rot-a S;/S, and CI-rot-b S|/S,. From these four conical intersections plus other
conical intersections between S, and S; states and between Sg and S; states, we classified six
cases to demonstrate detailed photoisomerization mechanism associated with 8 typical reactive
trajectories and 6 typical nonreactive trajectories; two-step fast-fast photoisomerization
processes have the lifetime from several tenths to hundred femtoseconds, two-step fast-slow
and slow-slow photoisomerization processes have lifetime from the several hundreds to
thousand femtoseconds. Trajectories have long lifetime mostly depending on the trapping in
the potential well rot S, on the S, state. Comparison with four localized conical intersections
between S; and S, states, the conical intersections between S; and S; states are very much
delocalized with spreading over all place along both rotation and inversion pathways from ci-
isomer to trans-isomer and this is why that trajectories starting from S; state hop down to S,
state within the tenth femtoseconds even if there is potential well rot S; on Ss state. It is
interesting to note that CI-trans S;/S, has peculiar property, and trajectories visiting this conical

intersection always result into trans product no mater via Cl-rot S¢/S; or Cl-inv Sy/S;. This is
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regarded as a mixed rotation-inversion isomerization process. Finally, we believe that the
present trajectory-based on-the-fly nonadiabatic simulation provides a complete
photoisomerization mechanism of the cis-azobenzene upon to nn* excitation.

Actually Landau-Zener analytical switching probability was utilized to study the charge
transfer reaction in the DH, system in the early 1970s by Tully and Preston, 3% and later this

reaction calculation was improved by employing Zhu-Nakamura formula for cumulative
probability ** and cross section.*’ However, these studies require predetermining seam surface
between two adiabatic potential energy surfaces and it is not applicable to big system. The
present new algorithm does not need any information about seam surface and that is why we
can now study big system. On the other hand, we notice that trajectory-based on-the-fly surface
hopping algorithm can be applied to photochemistry in the situation of both conical
intersection and intersystem crossing.*** With analytically generalized global switching
probability for general crossing and noncrossing nonadiabatic transitions developed by Zhu,*

the present method can also be straightforward to be applied for intersystem crossing.
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Table 1 Optimized geometries and energies for equilibriums, transition states, and

conical intersections in the ground state Sy and the low-lying singlet excited S;, S; and S;3
states. The energy of ground state trans minimum is selected as zero and the energies are
given in eV. Bond length r is given in angstrom (A), and bond angles and dihedral angles

d are given in degrees.

Geometry Energy I'NN ren annc dcnne dnnce
trans Sy 0.00 1.229 1.424/11.417 117.9/118.2 180.0 0.0/0.0
Expt 1@ 1.260 1.427/11.427 113.6/113.6 180.0 0.0/0.0

cis So 0.83 1.231 1.430/1.430 126.3/126.3 9.5 46.5/46.5
Expt ™ 1.253 1.449/1.449 121.9/121.9 8.0 53.3/53.3
TS-inv-rot Sy 2.05 1.216 1.442/1.353 119.6/178.3 49.3 4.8/-175.2
TS-rot Sy 2.22 1.448 1.362/1.362  115.1/115.1 81.2 4.0/4.0
TS-planar-inv S 2.28 1.227 1.447/1.388  121.8/177.1 0.0 0.0/0.0
Cl-rot Sy/S1 2.78 1.235 1.410/1.356  121.7/149.1 97.4 179.9/-14.7
Cl-inv So/S1 3.31 1.207 1.332/1.332  150.8/150.8 180.0 0.0/0.0
trans S 2.38 1.245 1.364/1.388  131.7/130.7 180.0 0.0/0.0
cis Sy 3.47 1.211 1.363/1.363  149.6/149.6 0.0 0.0/0.0
TS-rot Sy 2.96 1.236 1.389/1.383  127.0/138.0 122.9 6.0/-23.8
TS- planar-inv S 3.14 1.222 1.368/1.371  136.1/167.5 0.0 -0.0/-0.0
Cl-cis S1/S; 5.22 1.309 1.339/1.339  121.0/121.0 27.7 7.8/7.8
Cl-rot-a S4/S; 4.67 1.310 1.349/1.349  121.0/121.0 61.1 -3.3/-3.3
Cl-rot-b S4/S; 4.73 1.368 1.349/1.348  115.2/115.2 132.0 -4.1/-4.0
Cl-trans S4/S; 4.89 1.340 1.380/1.380  111.0/111.0 180.0 0.0/0.0
trans S; 5.01 1.205 1.358/1.358  156.9/156.9 180.0 0.0/0.0
rotS; 3.94 1.237 1.383/1.383  130.8/130.8 95.7 -2.2/-2.2

TS-rot-a S; 4.40 1.237 1.391/1.416  133.6/131.5 97.6 5.6/-97.7

TS-rot-b S; 4.96 1.214 1.355/1.355 154.8/154.8 159.3 38.3/38.3

Cl-rot -a S,/S; 4.56 1.330 1.401/1.407 118.8/118.6 93.1 1.2/-2.0
trans S; 5.48 1.371 1.360/1.317  111.0/117.2 180.0 0.0/0.0
rot Ss 4.98 1.336 1.390/1.365 117.5/121.1 95.1 -4.2/-4.2

EIRef. 35, PIRef. 37.
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Table 2. Vertical excitation/de-excitation energies calculated by SSA-CASSCF(6,6)/6-31G and

corrected by MRCI method at the CASSCF optimized geometries indicted in the first column.
CASSCF (MRCI) energies are all relative to CASSCF (MRCI) trans-Sy as zero of energy. All

energies are given in eV.

Geometry Method Energy So Energy S Energy S: Energy S3 Energy S4
CASSCF 0.00 3.08 5.80 5.82 6.35
trans Sy
MRCI 0.00 3.14 5.43 5.68 5.86
CASSCF 0.82 3.77 5.99 6.72 7.44
cis Sy
MRCI 0.79 3.78 6.04 6.07 713
CASSCF 2.78 2.78 4.81 5.78 6.02
Cl-rot So/S4
MRCI 2.68 2.84 4.67 5.74 5.99
CASSCF 3.31 3.31 5.14 5.77 6.95
Cl-inv S¢/S4
MRCI 294 3.09 4.67 5.82 6.42
CASSCF 4.27 5.22 5.22 7.65 8.44
Cl-cis S4/S;
MRCI 4.42 4.79 5.09 7.45 7.96
CASSCF 2.56 4.67 4.67 5.76 6.85
Cl-rot-a S4/S;
MRCI 2.60 3.51 3.62 5.76 6.66
CASSCF 1.44 4.73 4.73 5.16 6.17
Cl-rot-b S4/S;
MRCI 1.49 4.32 4.59 4.98 5.90
CASSCF 0.28 5.41 5.41 7.05 7.81
Cl-trans S4/S;
MRCI 0.31 5.10 5.41 5.88 6.75
CASSCF 2.45 3.08 3.94 5.43 5.67
rotS;
MRCI 2.52 3.05 3.73 5.39 5.64
CASSCF 2.24 3.86 4.56 4.56 5.96
Cl-rot -a S,/S;
MRCI 2.39 3.75 4.29 4.66 5.93
CASSCF 2.28 4.18 4.78 4.98 5.55
rot Sz
MRCI 2.38 4.00 4.44 4.95 5.53
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Fig. 1 Atom numbering (geometry of rot-azobenzene in the S, state).

Fig. 2 Potential energy profiles for all sudden points in Table 1, VEE stands for vertical

excitation energy.

Fig. 3 Counter plots of potential energy difference (in eV) between two adjacent
adiabatic states with conical intersections distributing along rotation (left panel) and
inversion (right panel) isomerization pathways; (a) and (b) between Sy and S, (¢) and (d)

between S; and S,, and (e) and (f) between S; and S;.

Scheme Photoisomerization mechanism of cis-azobenzene starting from the Franck-
Condon region on S, (a) cis-1, (b) cis-2, (¢) cis-3 and (d) cis-4, and on S; (e) cis-5 and (f)

cis-6.

Fig. 4 Potential energies and two NNC bond angles, CNNC and four NNCC dihedral
angles evolve along trajectories in cis-1 case (see Scheme (a)). Left (right) panel is a
reactive (nonreactive) trajectory: hopping via Cl-cis S;/S, for switching probability p=
0.842 with a*=3.7 and b* =5.6 at 10.5fs (p=0.71 with a’=1.1 and b* =4.4 at 9.0fs), and
then hopping via CI-rot S¢/S; for switching probability p= 0.84 with ¢’=2.1 and 5> =9.0 at
50.5fs (p=0.999 with a*=11281 and b* =146 at 72.0fs).

Fig. 5 The same as in Figure 4 except for cis-2 case (see Scheme (b)). Left (right) panel is
a reactive (nonreactive) trajectory: hopping via Cl-rot-a S,/S; for switching probability
p=0.82 with a’=3.1 and b* =5.2 at 23.5fs (p= 0.94 with a°=23 and b* =7.4 at 21.5fs), and
then hopping via CI-rot S¢/S, for switching probability p= 0.98 with ¢*=36 and b> =27 at
52.5fs (p=0.98 with ¢®=89 and b* =34 at 84.0fs).
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Fig. 6 The same as in Figure 4 except for cis-3 case (see Scheme (c)). Left (right) panel is
a reactive (nonreactive) trajectory: hopping via Cl-rot-a S,/S; for switching probability
p=0.92 with a°=20.9 and b* =4.2 at 569.0fs (p= 0.998 with a’=4631 and b* =44 at 122f5),
and then hopping via CI-rot S¢/S; for switching probability p= 0.72 with a*=0.79 and b*
=7.3 at 608.5fs (p=0.34 with a’=0.08 and b* =6.4 at 151.5f5).

Fig. 7 The same as in Figure 4 except for cis-4 case (see Scheme (d)). Left (right) panel is
a reactive (nonreactive) trajectory: hopping via Cl-rot-b S,/S, for switching probability
p=0.72 with ¢°=0.89 and b* =6.2 at 311.5fs (p= 0.8 with a°=1.7 and b* =7.3 at 414.5fs),
and then hopping via CI-rot S¢/S, for switching probability p= 0.34 with ¢°=0.1 and 5
=5.0 at 1565.5fs (p=0.84 with ¢*=1.2 and b* =16 at 531.0fs).

Fig. 8 The same as in Figure 4 except for upward hopping from S, to S; state. Left (right)
panel is a nonreactive (reactive) trajectory in cis-1 (cis-3) case: hopping up via Cl-rot
S,/S; for switching probability p= 0.97with a°=167 and b* =5.5 at 0.5fs (p= 0.3 with
a*=0.24 and b* =1.6 at 62.5fs), hopping down via CI-rot S,/S; for switching probability
p=0.94 with ¢°=27.6 and b* =5.5 at 21.5fs (p= 0.98 with a°=109 and b*> =14.8 at 81fs),
hopping down via Cl-cis S;/S, (Cl-rot-a S,/S,) for switching probability p= 0.99 with
a*=500 and b> =19.5 at 22fs (p= 0.6 with a’=0.63 and b* =3.7 at 83fs), and then hopping
down via Cl-rot S¢/S; for switching probability p= 0.138 with ¢*=0.03 and b =5.0 at 53fs
(p=0.97 with a’=44 and b* =20 at 121.5fs).

Fig. 9 The same as in Figure 4 except for cis-5 case (see Scheme (e)). Left (right) panel is
a reactive (reactive) trajectory: hopping via Cl-rot-a S,/S3 (Cl-cis S,/S3) for switching
probability p= 0.68 with a*=0.8 and b* =5.2 at 32fs (p= 0.98 with a’=109 and b* =16 at
11fs), hopping via Cl-trans S,/S, for switching probability p= 0.88 with a*=5.3 and b°
=7.6 at 333.5fs (p=0.78 with a’=5.3 and b* =2.0 at 346.5fs), and then hopping via Cl-inv
So/S1 (CI-rot S¢/S)) for switching probability p= 0.99 with a®=137 and b* =55 at 1080.5fs
(p=0.52 with a’=0.18 and b* =7.7 at 481.0fs).
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Fig. 10 The same as in Figure 4 except for cis-6 case (see Scheme (f)). Left (right) panel
is a reactive (nonreactive) trajectory: hopping via Cl-rot-a S,/S; for switching probability
p=0.99 with a*=916 and b* =18 at 22.5fs (p= 0.70 with a°=0.93 and b* =5.1 at 90fs),
hopping via CI-rot-a S/S, (Cl-rot-b S;/S;) for switching probability p= 0.73 with a*=1.8
and b =3.5 at 748fs (p= 0.28 with a’=0.15 and b* =2.4 at 506.5fs), and then hopping via
Cl-rot S¢/S; for switching probability p= 0.98 with ¢*=56 and b* =41 at 849fs (p=0.76
with ¢®=0.6 and »* =12 at 517fs).
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